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SENSORLESS MAGNETIC BEARING TYPE
BLOOD PUMP APPARATUS

TECHNOLOGICAL FIELD

The subject matter and mvention described herein gener-
ally relate to a blood pump apparatus. More specifically, the
disclosed subject matter and invention pertain to a sensorless
magnetic bearing type blood pump apparatus for feeding a
medical liquid such as blood.

BACKGROUND DISCUSSION

Recently, blood pumps have been used more and more
frequently for extracorporeal blood circulation 1n pump-oxy-
genators. As a centrifugal pump, there have been used pumps
of the system 1in which physical communication between the
exterior and a blood chamber 1n the pump 1s completely
excluded, whereby penetration of bacteria or the like can be
prevented, and driving torque from an external motor is trans-
mitted by use of magnetic coupling.

A centrifugal blood pump of this type has been proposed in
Japanese Patent Laid-Open No. He1 9-206372 (Patent Docu-

ment 1) (corresponding to U.S. Pat. No. 5,947.703).

The centrifugal blood pump apparatus shown 1n this unex-
amined patent publication includes a housing having a blood
inflow port and a blood outflow port, a centrifugal blood
pump unit having an impeller which 1s rotated inside the
housing and which feed a blood by a centrifugal force at the
time of rotation, a non-control-type magnetic bearing com-
ponent section (impeller rotational torque generating unit) for
the impeller, and a control-type magnetic bearing component
section (1mpeller position control unit) for the impeller,
wherein the impeller 1s rotated 1n the state of being kept at a
predetermined position mside the housing under the opera-
tions of the non-control-type magnetic bearing component
section and the control-type magnetic bearing component
section. Further, the impeller has a multiplicity of hydrody-
namic grooves formed 1n the bottom surface (lower surface)
thereot. The presence of the hydrodynamic grooves ensures
that, although the impeller would be attracted toward the
impeller rotational torque generating unit when the impeller
position control unit 1s not operated (in other words, when the
operation of electromagnets 1s stopped), the impeller 1s
spaced, though only a little, from the 1nside surface of the
housing and 1s rotated 1n a non-contact condition due to a
hydrodynamic bearing effect produced between the hydrody-
namic grooves and the inside surface of the housing.

The centrifugal blood pump apparatus of Patent Document
1 has effects which make the apparatus effective as a so-called
magnetic levitation type pump apparatus. Hydrodynamic
grooves provided 1n the pump apparatus are intended to act
when i1mpeller position control 1s stopped, i1.e., when the
operation of electromagnets for attracting the impeller 1s
stopped, upon the occurrence of a trouble 1n the control type
magnetic bearing component section (1mpeller position con-
trol unit) for the impeller. Thus, the hydrodynamic grooves
are not utilized at the time of normal rotation. During rotation
by use of the hydrodynamic grooves alone, especially 1 a
low-rotating-speed condition, hemolysis or the like may
occur. In addition, the magnetic levitation involves the need to
provide an impeller position sensor, so that there are limaita-
tions with respect to reducing the size of the apparatus. Fur-
ther, electric power 1s required for the magnetic levitation of
the impeller.

On the other hand, the centrifugal blood pump apparatus 1

disclosed 1n Japanese Patent Laid-Open No. 2004-209240
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(hereinafter referred to as Patent Document 2) (correspond-
ing to U.S. Patent Application Publication No. 2004/209240)

includes a centrifugal pump unit 2 having an impeller 21
which has first magnetic bodies 25 and 1s rotated inside a
housing 20 so as to feed liquid by a centrifugal force at the
time of rotation, a rotor 31 having magnets 33 for attracting
the first magnetic bodies 25 of the impeller 21, an impeller
rotational torque generating unit 3 having a motor 34 for
rotating the rotor 31, and hydrodynamic grooves 38 provided
in an inside surface, on the rotor 31 side, of the housing 21.
The pump apparatus 1 has electromagnets 41 for assisting the
levitation of the impeller 21 by attracting the impeller 21 1n a
direction opposite to the direction of attraction by the mag-
nets 33 of the rotor 31. The centrifugal blood pump apparatus
1 includes a control mechanism, and the control mechanism
has an impeller rotational torque generating unit current
monitoring function. The control mechanism controls the
clectromagnets by use of the current detected by the impeller
rotational torque generating unit current momtoring function.

The centrifugal blood pump apparatus 1 of Patent Docu-
ment 2 eliminates the need for a position sensor, thereby
enabling a reduction in the pump size. However, the apparatus
in Patent Document 2 does not perform distance estimation
related to the levitated position of the impeller, and the control
limit controlling the setting of the distance between the
impeller and the housing (on one side or the impeller rota-
tional torque generating unit side) to limited to nearly about
0.1 mm. An attempt to increase the distance by increasing the
attractive forces of the electromagnets may result 1n the
impeller adhering to the electromagnet side in the presence of
a tiny disturbance.

Research on PWM Type Self-sensing Magnetic Levitation
(Proceedings of the Sth Symposium of Dynamics Related to
Electromagnetic Force, pp. 547-552 (1993)), Kenich1 Mat-
suda and Yoj1 Okada, (hereinafter referred to as Non-Patent
Document 1) discloses a theory of magnetic levitation based
on a PWM type seli-sensing (in other words, sensorless)
system. However, Non-Patent Document 1 discloses only the
PWM type self-sensing magnetic levitation system, and does
not disclose any specific configuration for applying 1t to a
blood pump apparatus, such as the manner of addressing a
troubled magnetic bearing or the like.

Accordingly, a need exists for a sensorless magnetic bear-
ing type blood pump apparatus that 1s able to achieve sensor-
less control of the magnetically levitated condition of a rotat-
ing body 1n the condition where a certain distance 1s secured
between the rotating body and a housing (on one side or the
rotating body rotational torque generating unit side), while
also being able to detect a troubled condition of the magnetic
bearing such as a disturbance, and which makes it possible to
achieve a transition (change-over) to a hydrodynamic bearing
mode upon detection of a trouble 1n the magnetic bearing
mode, and return to the magnetic bearing mode upon disso-
lution of the trouble.

SUMMARY

A sensorless magnetic bearing type blood pump apparatus
comprises a blood pump and a control mechanism for con-
trolling the blood pump. The blood pump includes: a housing
having a liquid inflow port and a liquid outflow port; a pump
unit provided therein with a first magnetic body and rotated in
the housing so as to feed a liquid; a rotating body rotational
torque generating unit for attracting the first magnetic body of
the rotating body of the pump unit and for rotating the rotating
body; a rotating body magnetic bearing unit for magnetically
attracting the rotating body in a direction different from the
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direction of attraction of the rotating body by the rotating
body rotational torque generating unit and for permitting the
rotating body to be rotated in a non-contact condition 1n the
housing; and a hydrodynamic bearing section provided in an
inside surface of the housing on the rotating body rotational
torque generating unit side, or 1n a surface of the rotating body
on the rotating body rotational torque generating unit side to
permit the rotating body to be rotated 1n a non-contact con-
dition 1n the housing when the operation of the rotating body
magnetic bearing unit 1s stopped. The blood pump does not
include any sensors for measuring the position of the rotating
body. The rotating body magnetic bearing unit includes an
clectromagnet for attracting the first magnetic body or a sec-
ond magnetic body provided separately from the first mag-
netic body, 1n the rotating body. The control mechanism
includes: a pulse width modulation type electromagnet driv-
ing unit which drives the electromagnet; a carrier component
measuring unit which measures carrier components of the
voltage and current in the pulse width modulation type elec-
tromagnet driving unit; rotating body position data and
modulation factor calculating units which respectively calcu-
late rotating body position data and the modulation factor of
a pulse width modulated wavetform by use of carrier wave
data measured by the carrier component measuring unit; a
rotating body position controlling means for controlling the
pulse width modulation type electromagnet driving unit by
utilizing the rotating body position data calculated by the
rotating body position data calculating unit; and a bearing
mode changing-over means for eifecting change-over to a
hydrodynamic bearing mode by stopping the driving of the
pulse width modulation type electromagnet driving unit when
the modulation factor calculated by the modulation factor
calculating function 1s outside a predetermined range and for
restarting the driving of the pulse width modulation type
clectromagnet driving unit, thereby returning to a magnetic
bearing mode, upon confirmation of satisfaction of predeter-
mined conditions after the change-over to the dynamic pres-
sure driving mode.

In the sensorless magnetic bearing type blood pump appa-
ratus as above, preferably, the hydrodynamic bearing section
1s 1ncluded of hydrodynamic grooves or a deformed surface
provided 1n an mside surface, on the rotating body rotational
torque generating unit side, of the housing or 1n a surface, on
the rotating body rotational torque generating unit side, of the
rotating body.

Or, preferably, the hydrodynamic bearing section 1s
included of hydrodynamic grooves or a deformed surface
provided 1n a surface, on the rotating body magnetic bearing,
unit side, of the rotating body or an 1nside surface, facing the
surface of the rotating body, of the housing.

In the sensorless magnetic bearing type blood pump appa-
ratus, preferably, the blood pump has second hydrodynamic
grooves provided 1n an 1nside surface, on the rotating body
magnetic bearing unit side, of the housing or 1n a surface, on
the rotating body magnetic bearing unit side, of the rotating
body.

Also, preferably, the carrier component measuring unit
includes a voltage resonant circuit, a voltage wave detection
circuit, a current resonant circuit, and a current wave detec-
tion circuit.

In the sensorless magnetic bearing type blood pump appa-
ratus, preferably, the control mechamism stores a predeter-
mined modulation factor range, and the bearing mode chang-
ing-over function 1s for effecting change-over to the
hydrodynamic bearing mode by stopping the driving of the
pulse width modulation type electromagnet driving unit when
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a modulation factor outside the predetermined modulation
factor range 1s calculated by the modulation factor calculating
function.

Also, preferably, the control mechanism has a rotating
body rotational torque generating unit current monitoring
function, and the bearing mode changing-over function stores
a predetermined rotating body rotational torque generating
unit current range, and 1s for effecting return to the magnetic
bearing mode by judging that the predetermined conditions
are satisfied when a rotating body rotational torque generat-
ing unit current within the rotating body rotational torque
generating unit current range 1s detected by the rotating body
rotational torque generating unit current monitoring function.

Or, preferably, the bearing mode changing-over function 1s
for effecting return to the magnetic bearing mode by judging
that the predetermined conditions are satisfied when the lapse
of a predetermined time 1s detected after the change-over to
the hydrodynamic bearing mode.

Also, preferably, the rotating body rotational torque gen-
erating unit includes a rotor having a magnet for attracting the
first magnetic body of the rotating body, and a motor for
rotating the rotor.

Preferably, the rotating body rotational torque generating,
unit includes a plurality of stator coils arranged on the cir-
cumierence of a circle for attracting the first magnetic body of
the rotating body and rotating the rotating body.

In the sensorless magnetic bearing type blood pump appa-
ratus as above, preferably, the blood pump 1s a centrifugal
blood pump or an axial flow blood pump.

The blood pump apparatus according to the present inven-
tion has no position sensor. Thus, the apparatus can be
reduced 1n size and 1s relatively low 1n power consumption.
Further, 1in the blood pump apparatus, the driving of the elec-
tromagnet for attracting the rotating body 1s conducted by the
pulse width modulation type electromagnet driving unit, and
the apparatus includes the rotating body position data calcu-
lating function and the modulation factor calculating function
for respectively calculating rotating body position data and
the modulation factor of a pulse width modulated wavetorm,
by use of carrier wave data on the voltage and current in the
pulse width modulation type electromagnet driving unait.
Since position control for the rotating body (control of the
pulse width modulation type electromagnet driving unit) 1s
conducted by the rotating body position data obtained 1n this
manner, 1t 1s possible to achieve a control in the condition
where a certain distance 1s secured between the rotating body
and the housing, so that a good control of the rotating body
can be realized. Furthermore, a trouble about the rotating
body can be detected from the calculated modulation factor,
transition (change-over) from the magnetic bearing mode to
the hydrodynamic bearing mode can be performed upon a
trouble about the rotating body, and, thereafter, return from
the hydrodynamic bearing mode to the magnetic bearing
mode can also be performed. Therefore, 1t 1s possible to
perform a magnetic bearing control 1n normal conditions, to
maintain the rotation of the rotating body in the hydrody-
namic bearing mode 1n emergency, and to effect returning to
the rotation of the rotating body in the magnetic bearing
mode, so that a good control of rotation of the rotating body
can be achieved 1n a sensorless system.

Another aspect involves a method for controlling operation
ol a sensorless magnetic bearing type blood pump apparatus,
wherein the sensorless magnetic bearing type blood pump
apparatus comprises a blood pump comprised of a housing
having a liquid inflow port and a liquid outflow port, and a
rotatable body rotatably positioned 1n the housing to feed
liquid and provided with an electromagnet. The method com-
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prises rotating the rotatable body 1n a non-contact condition
in the housing in a magnetic bearing mode through operation
of a pulse width modulation type electromagnet driving unit
which drives the electromagnet, measuring carrier compo-
nents of voltage and current in the pulse width modulation
type electromagnet driving unit to obtain carrier wave data,
and calculating a modulation factor of a pulse width modu-
lated wavetorm using the carrier wave data. The method also
involves changing-over from the magnetic bearing mode to a
hydrodynamic bearing mode by stopping driving of the pulse
width modulation type electromagnet driving unit when the
modulation factor 1s outside a predetermined range and rotat-
ing the rotatable body in a non-contact condition 1n the hous-
ing through use of a hydrodynamic bearing section of the
blood pump, and restarting the driving of the pulse width
modulation type electromagnet driving unit to return to the
magnetic bearing mode upon satistying predetermined con-
ditions after the change-over to the hydrodynamic bearing
mode.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

FIG. 1 1s a block diagram of an embodiment including a
control mechanism of a sensorless magnetic bearing type
blood pump apparatus as disclosed herein.

FIG. 2 1s a front view of an example of a blood pump used
in the sensorless magnetic bearing type blood pump appara-
tus disclosed herein.

FIG. 3 1s a plan view of the blood pump shown 1n FIG. 2;

FIG. 4 1s a cross-sectional view of the blood pump taken
along the section line IV-1V 1 FIG. 3.

FIG. 5 1s a cross-sectional view of the blood pump taken
along the section line V-V 1n FIG. 4.

FIG. 6 1s a cross-sectional view showing the condition
where a rotating body 1s removed from the section along the
section line V-V of the blood pump apparatus shown 1n FIG.
4.

FIG. 7 1s a cross-sectional view of the blood pump taken
along the section line VII-VII 1n FIG. 4.

FIG. 8 1s a bottom view of a rotating body used in a
sensorless magnetic bearing type blood pump apparatus
according to another disclosed embodiment.

FI1G. 9 1s a flowchart illustrating the operation of the sen-
sorless magnetic bearing type blood pump apparatus accord-
ing to one disclosed embodiment.

FIG. 10 1s a flowchart illustrating the operation of a sen-
sorless magnetic bearing type blood pump apparatus accord-
ing to another disclosed embodiment.

FIG. 11 1s a longitudinal cross-sectional view of an
example of the blood pump used 1n a sensorless magnetic
bearing type blood pump apparatus according to another dis-
closed embodiment.

FI1G. 12 1s a cross-sectional view of the blood pump shown
in FIG. 11 taken along the section line XII-XII in FIG. 11.

FIG. 13 1s a plan view of an example of the blood pump
used 1n a sensorless magnetic bearing type blood pump appa-
ratus according to another disclosed embodiment.

FI1G. 14 1s a cross-sectional view of the blood pump shown
in FIG. 13 taken along the section line XIV-XIV 1n FIG. 13.

FI1G. 15 1s a front view of a rotor with rotating body used in
the blood pump shown in FIG. 14.

FIG. 16 1s a bottom view of the rotor with rotating body
shown 1n FIG. 15.
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FIG. 17 1s a longitudinal cross-sectional view of an
embodiment of the blood pump used in a sensorless magnetic

bearing type blood pump apparatus according to another dis-
closed embodiment.

FIG. 18 15 a bottom view of a rotating body used in the
blood pump shown 1n FIG. 17.

FIG. 19 1s aplan view of the rotating body used 1n the blood
pump shown 1n FIG. 17.

FIG. 20 1s a longitudinal cross-sectional view of an
example of a blood pump used 1n the sensorless magnetic
bearing type blood pump apparatus according to another
embodiment of the present invention.

FIG. 21 1s a front view of a rotating body used 1n the blood
pump shown in FIG. 20.

FIG. 22 15 a bottom view of the rotating body used 1n the
blood pump shown 1n FI1G. 20.

FIG. 23 1s an outline of a sensorless type magnetic levita-
tion system shown in Non-Patent Document 1.

FIG. 24 1s a diagram showing experimental results for the
sensorless type magnetic levitation system shown in Non-
Patent Document 1.

FIG. 25 15 a diagram showing experimental results for the
sensorless type magnetic levitation system shown in Non-
Patent Document 1.

DETAILED DESCRIPTION

The sensorless magnetic bearing type blood pump appara-
tus disclosed herein 1s described 1n detail below with refer-
ence to embodiments shown 1n the drawings.

As generally 1llustrated 1n FIG. 1, the sensorless magnetic
bearing type blood pump apparatus 1 disclosed herein
includes a blood pump 10 and a control mechanism 6 for
controlling the blood pump 10.

FIGS. 1-4 1llustrate that the blood pump 10 includes: a
housing 21 having a liquid intlow port 22 and a liquid outtlow
port 23; a pump unit 2 having a rotating or rotatable body 3
provided therein with first magnetic bodies 23, rotated in the
housing 21, and feeding a liquid by a centrifugal force at the
time of rotation; a rotating body rotational torque generating,
unit 3 for attracting the first magnetic bodies 25 of the rotating
body 5 of the pump unit 2 and rotating the rotating body 5; a
rotating body magnetic bearing unit 4 for magnetically
attracting the rotating body 5 in a direction different from
(opposite to) the direction of attraction of the rotating body 5
by the rotating body rotational torque generating unit 3, and
permitting the rotation of the rotating body 3 in a non-contact
condition in the housing 21; and a hydrodynamic bearing
section 38 provided in the housing inside surface on the
rotating body rotational torque generating unit 3 side or 1n a
surface of the rotating body 3 on the rotating body rotational
torque generating unit 3 side, and permitting the rotation of
the rotating body 5 in a non-contact condition 1n the housing
21 at the time when the operation of the rotating body mag-
netic bearing unit 4 1s stopped, and does not include any
sensor for measurement of the position of the rotating body 5.
The rotating body magnetic bearing unit 4 has an electromag-
net 41 for attracting the first magnetic bodies 235 or second
magnetic bodies 29, provided separately from the first mag-
netic bodies 25, of the rotating body 5.

The control mechanism 6 includes: a pulse width modula-
tion electromagnet driving unit (PWM type electromagnet
driving unit) 54 for driving the electromagnet 41; a carrier
component measuring unit 32 (55, 56, 57, 38) for measuring
carrier components of the voltage and current in the PWM
type electromagnet driving unit 54; rotating body position
data and modulation factor calculating units for respectively
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calculating rotating body position data and the modulation
factor of a pulse width modulated wavetorm, by utilizing the
carrier wave data measured by the carrier component mea-
suring unit 52; a rotating body position controlling means for
controlling the PWM type electromagnet driving unit 54 by >
utilizing the rotating body position data calculated by the
rotating body position data calculating unit; and a bearing
mode changing-over means for effecting transfer or change-
over from the magnetic bearing mode to a hydrodynamic
bearing mode by stopping the driving of the PWM type elec-
tromagnet driving umt 54 when the modulation factor calcu-
lated by the modulation factor calculating unit i1s outside a
predetermined range, and restarting the driving of the PWM
type electromagnet driving unit 4 upon confirmation of sat-
1sfaction of predetermined conditions aiter the transter to the
hydrodynamic bearing mode to achieve a return to the mag-
netic bearing mode.

As shown 1n FIGS. 1 to 7, the blood pump apparatus 1 1n
this embodiment includes the housing 21 having the blood 20
inflow port 22 and the blood outtlow port 23, the blood pump
unit 2 having an impeller 5 serving as the rotating body which
rotates 1n the housing 21 and feeds blood by centrifugal force
at the time of rotation, an impeller rotational torque generat-
ing unit (non-control type magnetic bearing constituting unit) 25
3 for the impeller 5, and an 1impeller position control unit
(control type magnetic bearing constituting unit) 4 for the
impeller 5.

In the blood pump 10 as shown in FIG. 4, the impeller
rotational torque generating unit 3 includes a rotor 31 con- 30
tained 1n the blood pump 10, and a motor 34 for rotating the
rotor 31. Therotor 31 has a plurality of permanent magnets 33
provided at a surface on the blood pump unit 2 side. The
center of the rotor 31 1s fixed to a rotating shaft of the motor
34. A plurality of the permanent magnets 33 are provided at 35
spaced apart positions at equal or regular angular intervals so
as to correspond to the layout form (the number and the layout
positions) of the permanent magnets 23 of the impeller 5.

In addition, a magnetic bearing mechamsm in the blood
pump 10 1s comprised of the second magnetic bodies 29 40
provided at an upper shroud of the impeller 5 and the elec-
tromagnet 41 which attracts the second magnetic bodies 29 of
the impeller S 1n a direction opposite the side of the impeller
rotational torque generating unit 3.

As shown 1 FIG. 4, the impeller 5 1s held at a predeter- 45
mined position in the housing 21 by the actions of the non-
control type magnetic bearing constituting unit 3 and the
control type magnetic bearing constituting unit 4, and 1s nor-
mally rotated without making contact with the 1nside surface
of the housing 21. 50

The blood pump 10 includes the electromagnets 41 for
attracting the impeller 5 (specifically, the electromagnets 41
attract the second magnetic bodies 29 provided in the impeller
5), but does not have any position sensors for detecting the
position of the rotating body. 55

In the pump apparatus 1 according to this embodiment, the
blood pump unit 2 1s comprised of the housing 21 and the
impeller 5 contained 1n the housing 21.

The housing 21 which includes the blood intlow port 22
and the blood outflow port 23 1s formed from a non-magnetic 60
material. In the housing 21, a blood chamber 1s formed which
communicates with the blood 1ntlow port 22 and the blood
outflow port 23. The impeller 5 1s contained 1n the housing 21.
The blood 1nflow port 22 projects from the vicinity of the
center of the upper surface of the housing 21. Though not 65
shown, the blood inflow port 22 1s composed of a bent pipe.
The blood outtlow port 23 projects 1n a tangential direction
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from the side surface of the housing 21 and 1s formed 1n a
roughly hollow cylindrical shape as shown 1n FIGS. 2 and 3.

As shown 1n FI1G. 4, the circular disk-like impeller S having
a through-hole 1n 1ts center 1s contained in the blood chamber
formed 1nside the housing 21. As shown 1n FIGS. 4 and §, the
impeller 5 includes an annular plate-like member (lower
shroud) 27 forming a lower surface of the impeller 5, an
annular plate-like member (upper shroud) 28 having an open-
ing 1n its center and forming an upper surface of the impeller
5, and a plurality of ({or example, seven) vanes 18 formed
between the annular plate-like members (shrouds) 27 and 28.
A plurality of (seven) blood passages 26 each partitioned by
the adjacent vanes 18 are formed between the lower shroud
and the upper shroud. As shown in FIG. 5, each of the blood
passages communicates with the central opening of the
impeller 5, and extends from the central opening of the impel-
ler 5 toward the outer peripheral edge of the impeller 5 1n such
a manner that the passages gradually increase in width. In
other words, the vanes 18 are each formed between the adja-
cent blood passages. In this embodiment, the blood passages
and the vanes 18 are provided respectively at regular angular
intervals and in substantially the same shape.

As shown 1n FIG. 5, a plurality of (for example, six) mag-
netic bodies 25 (permanent magnets, driven magnets) are
embedded in the impeller 5. In this embodiment, the magnetic
bodies 25 are embedded 1n the lower shroud 27. The magnetic
bodies 25 (permanent magnets) thus embedded attract the
impeller 5 toward the side opposite the blood intlow port 22
by the impeller rotational torque generating unit 3 (described
later) and transmit a rotational torque from the impeller rota-
tional torque generating unit 3.

In addition, the upper shroud of the impeller 5 i1s itself
magnetic or the upper shroud has magnetic members pro-
vided or mounted therein. In this embodiment, second mag-
netic bodies 29 are embedded in the upper shroud 28. The
second magnetic bodies 29 attract the impeller 5 toward the
side of the blood 1ntlow port 22 by the electromagnets 41 1n
the impeller position control unit (described later). Magnetic
stainless steel or the like can be used as the second magnetic
bodies 29.

The impeller position control unit 4 and the impeller rota-
tional torque generating unit 3 constitute the non-contact type
magnetic bearing. The mmpeller 5 1s pulled or attracted in
opposite directions by the two units, whereby the impeller 5 1s
stabilized at an appropriate position 1n which 1t does not make
contact with the inside surface of the housing 21, and 1is
rotated 1n a non-contact condition 1n the housing 21.

As shown 1n FIGS. 3 and 4, the non-contact type bearing
mechanism (impeller position control unit) 4 1s comprised of
a plurality of the electromagnets 41 {ixed in position to attract
the second magnetic bodies 29 of the impeller 5. The plurality
of electromagnets 41 are spaced apart and positioned at equal
or regular angular intervals. Each of the electromagnets 41 1s
composed of an 1iron core and a coil. In this embodiment, three
clectromagnets 41 are provided. However, the number of the
clectromagnets 41 may be more than three, for example four
clectromagnets may be used. By providing not less than three
clectromagnets 41 and controlling the electromagnetic forces
thereof, 1t 1s possible to balance the forces exerted in the
rotational axis (z-axis) direction of the impeller 5, and to
control the moments about the x-axis and y-axis which are
orthogonal to the rotational axis (z-axis).

As shown 1n FIG. 6, 1n this embodiment of the blood pump
10, the inside surface 21a of the housing containing the
impeller 5 and defining the blood chamber, on the motor side
34, 1s provided with hydrodynamic grooves 38. The hydro-
dynamic grooves 38 constitute a hydrodynamic bearing sec-
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tion permitting rotation of the rotating body 1n a non-contact
condition 1n the housing 21 when the operation of the rotating
body magnetic bearing unit 4 1s stopped.

Owing to a hydrodynamic bearing effect generated
between the hydrodynamic grooves 38 and the impeller 5 by
the rotation of the impeller 5 at a rotating speed not less than
a predetermined speed, the impeller 5 1s rotated 1n the non-
contact condition.

As shown in FIG. 6, the hydrodynamic grooves 38 are
formed 1n a size corresponding to the bottom surface (rotor
side surface) of the impeller 5. In the pump apparatus 1 in this
embodiment, each of the hydrodynamic grooves 38 has one
end on an 1nner peripheral edge (circumierence) of a circular
portion slightly spaced from the center of the housing inside
surface 20a, and extends therefrom to the vicinity of the outer
edge of the housing inside surface 20q 1n a spiral form (in
other words, 1n a bent or curved form/shape) while being
gradually increased in width. The hydrodynamic grooves 38
are provided as a plurality of grooves. The individual hydro-
dynamic grooves 38 are substantially the same 1n shape with
respect to each other and are laid out at substantially regular
or equal intervals. The hydrodynamic grooves 38 are recesses
having a depth of preferably about 0.005 to 0.4 mm. Prefer-
ably, the number of hydrodynamic grooves 1s about 6 to 36.

When the magnetic bearing 1s stopped, the rotating body
would be attracted toward the impeller rotational torque gen-
erating unit 3. However, due to the presence of the hydrody-
namic grooves 38, the rotating body 1s separated, though only
slightly, from the housing inside surface by the hydrodynamic
bearing effect formed between the hydrodynamic grooves 38
of the housing and the bottom surface of the impeller 5, and 1s
rotated 1n a non-contact condition so as to secure a blood
passage between the lower surface of the rotating body and
the housing inside surface, so that stagnation of blood ther-
cbetween and the resultant generation of thrombus are pre-
vented from occurring. Further, in a normal condition, the
hydrodynamic grooves exhibit a stirring action between the
lower surface of the rotating body and the housing inside
surface so that partial blood stagnation therebetween 1s pre-
vented from occurring.

Furthermore, the apparatus preferably also comprises sec-
ond hydrodynamic grooves 71 formed 1n a housing inside
surface 205 on the electromagnet 41 side as shown 1n FIG. 7.
The second hydrodynamic grooves 71 prevent the rotating
body from adhering onto the housing inside surface 206 side
when an external shock 1s exerted or when the dynamaic pres-
sure generated by the hydrodynamic grooves 38 becomes
excessive.

Like the hydrodynamic grooves 38, the second hydrody-
namic grooves 71 are formed 1n a size corresponding to the
upper surface (the electromagnet side surface) of the impeller
5. In the blood pump 10 according to this embodiment, each
of the hydrodynamic grooves 71 has one end on the peripheral
edge (circumierence) slightly spaced from the center of the
housing inside surface 205 and extends 1n a spiral form (in
other words, 1n a bent or curved form/shape) therefrom to the
vicinity of the outer edge of the housing inside surface 205
while gradually increasing in width. In addition, the second
hydrodynamic grooves 71 are provided plural in number,
with each of the individual second hydrodynamic grooves 71
being substantially the same 1n shape and arranged at sub-
stantially equal or regular intervals. The hydrodynamic
grooves 71 are recesses having a depth of preferably about
0.005 to 0.4 mm. The number of hydrodynamic grooves is
about 6 to 36. In this embodiment, 12 hydrodynamic grooves
are arranged at an equal angular intervals relative to the center
axis of the rotating body.
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The second hydrodynamic grooves may be provided 1n a
surface, not on the housing side but on the electromagnet side,
of the impeller 5. In that case, also, the second hydrodynamic
grooves are configured in the same manner as those men-
tioned above.

The second hydrodynamic grooves are preferably formed
on the housing side. This permits the hydrodynamic grooves
to be formed relatively easily. Furthermore, the rotating body
can be made smaller 1n thickness and weight, as compared
with the case where the rotating body 1s provided with the
hydrodynamic grooves. The thinner and lighter-weight rotat-
ing body will exhibit a relatively high disturbance resistance.

The hydrodynamic bearing section 1s not limited to the
above-mentioned hydrodynamic grooves 38. For example,
the hydrodynamic bearing section may be comprised of
hydrodynamic grooves 73 provided 1n a surface 5a, on the
side of the impeller rotational torque generating unit 3, of the
impeller 5, as shown in FI1G. 8. The hydrodynamic grooves 73
possess the same configuration as that described with respect
to the hydrodynamic grooves 38.

In addition, the hydrodynamic bearing section may be
formed by a deformed surface (or specially shaped surface)
provided in one of the inside surface, on the side of the
impeller rotational torque generating unit 3, of the housing 21
and a surface, opposed to this inside surface, of the impeller 5.
As the deformed surface, a relative sliding surface shape of a
sliding bearing can be utilized. Preferred examples of the
relative sliding surface shape of a sliding bearing include a
slant plane bearing and a tapered land bearing.

As mentioned above, the sensorless magnetic bearing type
blood pump apparatus includes the control mechamsm 6
which comprises: the PWM type electromagnet driving unit
54 for driving the electromagnets 41; the carrier component
measuring unit 52 (585, 56, 57, 58) for measuring carrier
components of the voltage and current in the PWM type
clectromagnet driving unit 54; rotating body position data
and modulation factor calculating units for respectively cal-
culating rotating body position data and the modulation factor
of a pulse width modulated wavetform, by use of carrier wave
data measured by the carrier component measuring unit 52
(55, 56, 57, 58); rotating body position control means for
controlling the PWM type electromagnet driving unit 54 by
utilizing the rotating body position data calculated by the
rotating body position data calculating unit; and bearing
mode changing-over means for achieving transier or change-
over to a hydrodynamic bearing mode by stopping the driving
of the PWM type electromagnet driving unit 34 when the
modulation factor calculated by the modulation factor calcu-
lating unit 1s outside a predetermined range, and restarting the
driving of the PWM type electromagnet driving unit 34 upon
confirmation of satistaction of predetermined conditions after
the transier to the hydrodynamic bearing mode to hereby
return to the magnetic bearing mode.

More specifically, as shown 1n FIG. 1, the control mecha-
nism 6 includes the PWM type electromagnet driving unit 54,
the carrier component measuring unit 52 for measuring the
carrier components of the voltage and current in the PWM
type electromagnet driving unit 34, the rotating body position
data and modulation factor calculating units 59, and a main
control unit 50. The carrier component measuring unit 52
includes a voltage resonant circuit 33, a voltage wave detec-
tion circuit 56, a current resonant circuit 57, and a current
wave detection circuit 58. In addition, the PWM type electro-
magnet driving unit 54 has a power amplifier.

Further, the control mechanism 6 1n this embodiment has a
motor control unit 53 for controlling the motor 34 1n the
impeller rotational torque generating unit (rotating body rota-
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tional torque generating unit) 3, and a motor current monitor-
ing unit (rotating body rotational torque generating unit cur-
rent monitoring unit) 51. Operations performed by the motor

current monitoring unit may be carried out by the main con-
trol unit 50.

In this control mechanism 6, position control of the rotating
body 1s carried out by use of the rotating body position data
calculated by the rotating body position data and modulation
factor calculating units 59. In addition, the bearing mode 1s
changed by use of the modulation factor of carrier compo-
nents which 1s calculated by the rotating body position data
and modulation factor calculating units 59.

The rotating body position control carried out by use of the
rotating body position data calculated by the rotating body
position data and modulation factor calculating units 59 in the
control mechamsm 6 utilizes the theory described in the
above-mentioned Non-Patent Document 1 which 1s refer-
enced (and 1ncorporated) here.

FIG. 23 shows an outline of a sensorless type magnetic
levitation system shown in Non-Patent Document 1. The
equation of motion of a system having a single degree of
freedom 1n the vertical direction 1s:

m(d?/dt)x=mg—f¢) (1)

(where d*/dt* is the second-order differential with respect
to time t)

f(0) = poAN?ib* (2)

= AN (I + Aib)* [ (Xo + Ax)*, (3)

where

x: distance between levitated object and electromagnet

t: time

m: mass of levitated object

g: gravitational acceleration

f(t): magnetic attractive force generated by electromagnet

U, magnetic permeability 1n vacuum

A: sectional area of pole of electromagnet

N: number of turns of coil of electromagnet

ib: electromagnet current

AX, A1b: infinitesimal variations of x, 1b

X, I5: values of x, 1b at balancing point, namely,

levitation position.

Upon linearization on the assumption of minute vibrations
in the vicinity of the balancing point, namely, the levitation
position, the equation (1) 1s stmplified as follows.

m(do/d)Ax=(2mg/X o) Ax+(=2mg/I, )Aib (4)

The equation (4) indicates that it 1s necessary, for control of
magnetic levitation, to know the distance x. The value of x can
be obtained from data on the electromagnet without a position
sensor, by use of the following equation:

X=u, AN J/E (5)

where

E: amplitude of carrier component of voltage eb(t) of pulse
width modulated rectangular wave signal for driving the
clectromagnet

I: amplitude of carrier component of electromagnet current
1b(t)

m_: angular frequency of pulse width modulated rectangu-
lar wave signal for driving the electromagnet.

Theretore,

eb(t)=Lexp(jw 1) (6a)

ib(t)=Texp(jo 1) (6b).
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The equation (5) indicates that it 1s necessary to obtain I/E, for
obtaining the distance x.
Here, I/E 1s expressed as follows:

VE~Iy1,)/[AEba(p—p?)] 7.

where
[,,: 1nitial condition of ON time of current 1n the case where
clectromagnet 1s driven by pulse width modulated rect-
angular wave signal
[,: mitial condition of OFF time of current in the case
where electromagnet 1s driven by pulse width modulated
rectangular wave signal
Eb: amplitude of voltage eb(t) of pulse width modulated
rectangular wave signal for driving the electromagnet
p: modulation factor of voltage eb(t) of pulse width modu-
lated rectangular signal for driving the electromagnet;
also called “duty ratio”.
Therefore,

eb(r) = {

(T: period of eb(t))

From the equation (5) and the equation (7), 1t 1s seen that, for
obtaining the distance x from the data on the electromagnet, 1t
1s necessary to measure 1 and E and to take into account the
influence of the modulation factor p.

In Non-Patent Document 1, the results shown in FIGS. 24
and 25 here are obtained from experiments. FIG. 24 shows
that the output characteristic I/E 1s not constant but varies with
the modulation factor p, even when the distance x 1s kept
constant. It 1s also shown, however, that the practical driving
1s conducted with p=50% or more, and a substantially con-
stant output characteristic 1s obtained over a modulation fac-
tor range from 50 to 80%, so that levitation control by seli-
sensing using the electromagnet (position sensing by the
clectromagnet without using a position sensor) can be
achieved 1n this modulation factor range.

Therefore, when the modulation range 1s in a predeter-
mined range, the rotating body position data can be obtained
from the measured I and E values, without any special con-
sideration of the modulation factor.

In the blood pump apparatus disclosed here, a rotating
body position control 1s conducted by a method 1n which
rotating body position data 1s calculated by use of carrier data
according to the above-mentioned control theory, and the
PWM type electromagnet driving unit 54 1s controlled by
utilizing the rotating body position data thus obtained.

Specifically, based on the position data on the rotating
body, when the distance between the rotating body and the
clectromagnet 1s relatively large, the pulse width 1s enlarged
(the modulation factor p 1s enhanced). On the contrary, when
the distance between the rotating body and the electromagnet
1s relatively small, the pulse width 1s reduced (the modulation
factor p 1s lowered). It 1s to be noted here, however, that a
magnetic levitation system 1s usually an unstable system and
so 1t 15 thus necessary to stabilize the system by applying a
teedback control to the electromagnet driving current. As a
method of stabilizing through a feedback control, there may
be used PD control or PID control.

Furthermore, 1t has been reported that when digital PD
compensation of an estimated displacement in the vicinity of
the balancing point was conducted based on the characteristic

+Eb (O <r<pl)
—-Eb (pT <1 <T)

(3a)
(8b)
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shown 1n FIG. 24 to thereby perform a levitation control, a
stable levitation characteristic was obtained, though a minute
vibration was leit steadily.

The magnetic levitation technology without a position sen-
sor thus has a problem 1n that, although magnetic levitation 1s
possible 1n the vicinity of a balancing point, the conditions
under which position control 1s possible are limited by the
modulation factor p. The limitation by the modulation factor
p means that, in the case where the controlled system comes
off far from the balancing point due to a large disturbance
such as a shock, the control system brings the attracting force
of the electromagnet to a very low value or a very high value
so as to return the controlled system to the balancing point,
and the modulation factor p therefore takes a value approxi-
mate to O or 1, which makes the position control impossible.
In other words, the range 1mn which the position control 1s
possible 1s limited.

Accordingly, it 1s difficult to directly apply the technology
of Non-Patent Document 1 to a blood pump for an artificial
heart, because of the problem that upon a large disturbance
such as a shock, the rotating body and the housing come 1nto
contact with each other during rotation, possibly exerting a
bad influence on the patient.

In view of this, the control mechanism associated with the
blood pump apparatus here 1s so configured that, to address
the generation of a disturbance, the modulation factor of the
voltage of a pulse width modulated rectangular wave signal
tor driving the electromagnet 1s calculated, and a change-over
of the bearing mode 1s determined by utilizing the modulation
tactor thus calculated. As the modulation factor 1n this con-
trol, the modulation factor of the current of the pulse width
modulated rectangular wave signal for driving the electro-
magnet may be calculated.

The modulation factor 1s calculated as follows. The modu-
lation factor p 1s the ratio of the period during which the pulse
width modulated signal 1s ON (=0 to pT) to the period T
(=2m/mc) of the carrier wave, and 1t can therefore be obtained
by counting the clock pulses within the ON period by use of
a clock for counting, for example. The modulation factor p
can also be obtained by use of an A-D converter.

More specifically, 1n the pump apparatus shown in FIG. 1,
the electromagnet 1s driven with pulse width modulation. As
for the driving voltage and the driving current, individual
PWM carrier components E and I thereof are extracted by the
above-mentioned resonant circuits and wave detection cir-
cuits. From the E and I thus obtained and the modulation
factor (duty ratio) p of the PWM wavetorm at that time, digital
PD compensation (or PID compensation) of an estimated
distance 1s conducted based on preliminarily stored data
(Table or the following calculation formula (9)) and a digital
controller, and a control command value necessary for mag-
netic levitation is sent to the control unit.

z=a(l/E)+b (9)

(a and b are preliminarily obtained constants)

The above-mentioned equation (5) 1s an equation for the
case where the condition of us>>L 1s established between the
relative permeability us of a magnetic member and the length
L. of the magnetic member. In the case where L/us 1s not
negligible with reference to x,

X=poAN* 0 (J/E)~(L/u)-
Here, by substitution:

a=11,AN“w_, and

b:_L/ﬂsa

the equation (9) 1s obtained.
Therefore, z in the equation (9) 1s the calculated value of x
obtained from I and E. The equation (9) corresponds to Equa-
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tion (12) 1n Non-Patent Document 1. In FIG. 1 of Non-Patent
Document 1 (FIG. 23 1n the present application), the equation

(9) is

X(n=...

but z 1s used here, for easy description.

Then, based on the modulation factor p of the PWM wave-
form and the motor current (in this embodiment), it 1s deter-
mined whether the magnetic bearing 1s to be adopted or the
hydrodynamic bearing is to be adopted. In the latter case, the
driving of the electromagnet 1s stopped.

The control mechamism 6 in this embodiment stores a
predetermined modulation factor range, and the bearing
mode changing-over means functions to stop the driving of
the PWM type electromagnet driving unit 54 so as to make a
shift to the hydrodynamic bearing mode when the modulation
factor calculated by the modulation factor calculating unit 1s
outside the predetermined modulation factor range.

The bearing mode change-over system in the control

mechanism 6 will be described, referring to the embodiment
shown 1n FIGS. 1 and 9.

The control mechanism 6 for carrying out the embodiment
shown 1 FIG. 9 stores a predetermined modulation factor
range. Specifically, the predetermined modulation factor
range (for example, 50%=p=80%) 1s stored in the main
control unit 50.

As shown 1n FIG. 9, when the operation of the blood pump
apparatus 10 1s started, the PWM type electromagnet driving
unit 54 1s operated, to operate the electromagnet 41. In addi-
tion, the motor control unit 1s also operated to rotate the
rotating body 1n a magnetically levitated condition (magnetic
bearing condition).

Then, 1t 1s determined whether or not the modulation factor
calculated serially 1s 1n the predetermined modulation factor
range stored as above. When the calculated modulation factor
1s 1n the range, the magnetic bearing condition 1s continued.
As shown 1n FIG. 9, when the calculated modulation factor 1s
determined to be outside the predetermined range stored, the
operation of the PWM type electromagnet driving unit 1s
stopped, and the operation of the electromagnet 41 1s thereby
stopped. As a result, though the rotating body comes close to
the rotating body rotational driving unit side (the motor side),
the rotation of the rotating body by the motor 1s continued so
that transition (change-over) to the hydrodynamic bearing
condition or mode by the hydrodynamic grooves is etlected,
and the rotating body 1s rotated 1n the hydrodynamic bearing
condition or mode.

In addition, the control mechanism in this embodiment has
a motor current monitoring mechanism as above-mentioned.
Specifically, the serial motor current 1s detected by a motor
current momtoring umt, and the detection data 1s sent to the
main control unit 50. The main control unit S0 stores a pre-
determined rotating body rotational torque generating unit
current range (specifically, a predetermined motor current
range). When a rotating body rotational torque generating
umt current 1 the predetermined rotating body rotational
torque generating unit current range stored 1s detected by a
rotating body rotational torque generating unit current moni-
toring function after the transition (change-over) to the hydro-
dynamic bearing mode, 1t 1s determined that the predeter-
mined conditions are fulfilled. In this case, as shown 1n FIG.
9, the PWM type electromagnet driving unit 54 1s driven to
rotate the electromagnet 41, whereby return to the magnetic
bearing mode 1s realized. It 1s considered that the predeter-
mined rotating body rotational torque generating unit current
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1s set 1n a range near the rotating body rotational torque
generating unit current at the time of normal rotation with the
magnetic bearing.

The bearing mode change-over system or means 1n the
control mechanism 6 1s preferably the one described above,
but may also be one according to the embodiment shown in
FIG. 10. The bearing mode change-over system or means 1n
this embodiment differs from the above-described bearing
mode change-over system or means only with respect to the
predetermined conditions which are satisfied for return to the
magnetic bearing mode.

In the bearing mode change-over system or means 1n this
embodiment, also, during rotation of the rotating body 1n the
magnetically levitated condition (magnetic bearing condi-
tion), 1t 1s determined whether or not the modulation factor
calculated serially 1s within the stored predetermined modu-
lation factor range. When the calculated modulation factor 1s
within the stored range, the magnetic bearing condition 1s
continued. As shown 1n FIG. 10, when the calculated modu-
lation factor 1s determined to be outside the stored predeter-
mined modulation factor range, the operation of the PWM
type electromagnet driving unit 1s stopped, and the operation
of the electromagnet 41 1s thereby stopped. As a result,
although the rotating body comes close to the rotating body
rotational driving umit side (the motor side), transition
(change-over) to the hydrodynamic bearing mode or condi-
tion by the hydrodynamic grooves 1s effected, and the rotating,
body 1s rotated in the hydrodynamic bearing condition or
mode.

In addition, the bearing mode change-over system or
means 1n the control mechanism 1n this embodiment has a
timer function in which a timer 1s operated immediately upon
transition (change-over) to the hydrodynamic bearing mode.
When the lapse of a predetermined time (for example, 0.5 to
5> min) 1s detected after such change-over, it 1s determined that
the predetermined conditions are fulfilled. In this instance, as
shown 1n FIG. 10, the PWM type electromagnet driving unit
54 1s driven, to operate the electromagnet 41, whereby return
to the magnetic bearing mode 1s elfected.

In the sensorless magnetic bearing type blood pump appa-
ratus disclosed here, when the conditions for permitting the
operation of the sensorless magnetic bearing come to be
unsatisiied due to some cause, transition (change-over) to the
hydrodynamic bearing mode 1s immediately made. When the
conditions for permitting the operation of the sensorless mag-
netic bearing are again satisiied due, for example, to the return
of the rotating body to a position where 1t can be rotated with
the sensorless magnetic bearing, return to the sensorless mag-
netic bearing mode 1s immediately made.

Since the need for a position sensor 1s eliminated, 1t 1s
possible torealize reductions 1n size, power consumption, and
price of the apparatus, on the basis of the whole system
including the pump and the controller. In addition, since the
need for a cable for connection between a position sensor in
the pump and an extracorporeal controller 1s eliminated, the
cable can be made smaller 1n diameter, and the risk of infec-
tion can be lowered.

The apparatus disclosed in the above-mentioned Patent
Document 2 1s one 1n which an electromagnet 1s used auxil-
1ary, and 1s not one in which the position of a rotating body 1s
estimated accurately. In the sensorless magnetic bearing type
blood pump apparatus disclosed in the present application,
the position of the rotating body can be estimated at a certain
level, based on the above-mentioned theory. It 1s possible to
achieve magnetic bearing with a certain distance between the

10

15

20

25

30

35

40

45

50

55

60

65

16

rotating body and the housing so that the apparatus 1s quite
good from the viewpoint of preventing the generation of
hemolysis or thrombus.

The shape of the blood pump used 1n the sensorless mag-
netic bearing type blood pump apparatus 1n the present inven-
tion 1s not limited to the above-mentioned.

For example a blood pump of the type shown 1n FIGS. 11
and 12 may also be used. This blood pump 20 differs from the
above-described blood pump 10 only 1n the configuration of
the impeller rotational torque generating unit 3.

The blood pump 20 1n this embodiment has a configuration
in which, as shown in FIGS. 11 and 12, the impeller rotational
torque generating unit 3 comprises a stator coil motor having
a plurality of stator coils 61 arranged 1n a circular pattern for
attracting magnetic bodies 25 of the impeller 5 from one side
of the impeller 5 and rotating the magnetic bodies 25 when
energized.

The stator coils 61 are plural in number and are arranged on
the circumierence of a circle at substantially equal angular
intervals about the center of the circle. In the illustrated
embodiment, six stator coils are provided. As the stator coils,
stator coils of the multilayer winding type are used 1n the
illustrated embodiment. By changing over the direction of the
current flowing 1n each of the stator coils 61, a rotating mag-
netic field 1s generated, and the rotating body 1s attracted and
rotated by the rotating magnetic field.

As shown 1n FIG. 12, a plurality of magnetic bodies 25
(permanent magnets, driven magnets) are embedded in the
impeller 5. As an example, six to twelve magnetic bodies 25
can be provided. In this embodiment, the magnetic bodies 25
are embedded 1n a lower shroud 27. The magnetic bodies 25
embedded in the rotating body are attracted 1n a direction
opposite a blood intlow port 22 by the stator coils 61 of the
impeller rotational torque generating unit 3, are coupled with
the operation of the stator coils 61, and transmit a rotational
torque to the rotating body.

In addition, by embedding a certain number of magnetic
bodies 25 as 1n this embodiment, the magnetic coupling of the
magnetic bodies 25 with the stator coils 61 as will be
described later can be secured suiliciently. Preferably, the
magnetic bodies 25 are each substantially trapezoidal in
shape. The magnetic bodies 25 may each be ring-like or
plate-like. The number and layout pattern of the magnetic
bodies 25 preferably correspond to the number and layout
pattern of the stator coils 61. Preferably, the plurality of
magnetic bodies 25 are arranged on the circumierence of a
circle so that their magnetic poles are alternately different and
are arranged so that they are at substantially equal angular
intervals about the center axis of the rotating body.

The magnetic bearing type blood pump used 1n the sensor-
less magnetic bearing type blood pump apparatus according
to the present invention may be either a centrifugal blood
pump or an axial flow blood pump. Furthermore, the form of
the magnetic bearing may be erther an “axial gap” type (the
type mvolving controlling a gap in the same direction as the
rotation axis of the pump) or a “radial gap” type (the typ
involving controlling a gap in a direction orthogonal to the
rotation axis of the pump). There are the following four types
of blood pumps.

1) Axial Gap Type Centrifugal Blood Pump
The above-mentioned blood pumps 10 and 20 are this type

of blood pump.
2) Radial Gap Type Centrifugal Blood Pump
A blood pump 100, described later, 1s this type of blood

puip.
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3) Axial Gap Type Axial Flow Blood Pump

A blood pump 200, described later, 1s this type of blood
pump.

4) Radial Gap Type Axial Flow Blood Pump

A blood pump 300, described later, 1s this type of blood
pump.

Details and aspects of the blood pump 100 shown 1n FIGS.
13-16 will be described. The blood pump 100 1s a radial gap
type centrifugal blood pump.

The blood pump 100 includes: a housing 121 having a
liquid inflow port 122 and a liquid outtlow port 123; a blood
pump unit having a rotating body 105 rotated in the housing,
121 and feeding a liquid by centrifugal force at the time of
rotation; a rotating body rotational torque generating unit
(impeller rotational torque generating unit, specifically stator
coils) that includes a stator motor 161 for attracting first
magnetic bodies 125 disposed in the inside of a rotor 106
provided beneath the rotating body 105 and rotating the rotor
106; and hydrodynamic grooves 138 provided 1n a side sur-
face of the rotor 106 and constituting a hydrodynamic bearing
section. The blood pump apparatus 100 has electromagnets
141 for attracting the first magnetic bodies 1235 or second
magnetic bodies 129, provided separately from the first mag-
netic bodies 1235, of the rotor 106 1n a direction (radial direc-
tion) orthogonal to the direction of the axis of rotation by the
rotating body rotational torque generating unit (stator coils)
and for levitating the rotating body 105 (together with the
rotor 106).

As shown 1n FIG. 13, 1n this blood pump 100, two electro-
magnets are disposed opposite to each other with the rotating
body (rotor) therebetween in the X direction which 1s a hori-
zontal direction relative to the bottom surface of the rotating
body (rotor), and two electromagnets are disposed opposite to
cach other with the rotating body (rotor) therebetween 1n the
Y direction which 1s a horizontal direction and orthogonal to
the X direction. With this configuration, a magnetic bearing,
tor controlling a gap 1n the radial direction 1s formed. The four
clectromagnets are each comprised of a core and a co1l wound
around the core.

Permanent magnets 129 are embedded 1n the rotor 106
beneath the rotating body 105 as mentioned above, and sul-
ficient attractive forces are generated between the permanent
magnets 129 and the four electromagnets 141. In addition, as
mentioned above, a plurality of magnetic bodies 125 are
embedded 1n the inside of the rotor 106. The magnetic bodies
125 are preferably permanent magnets. The layout form of
the magnetic bodies 125 and the stator motor 161 may pret-
erably be the same as described above 1n connection with the
blood pump 20.

As shown 1n FIG. 15, a side surface 106a of the rotor 106
1s provided with hydrodynamic grooves 138 forming a hydro-
dynamic bearing section. Particularly, the hydrodynamic
grooves 138 1n this embodiment are grooves positioned 1n a
herringbone pattern. The hydrodynamic grooves 138 are plu-
ral 1n number and are inclined at a predetermined angle rela-
tive to the center axis of the rotor and are arranged 1n a ring
form while being parallel to each other and spaced at equal or
regular intervals. As 1llustrated 1n FIG. 15, the hydrodynamic
grooves 138 are arranged in two rows so that the grooves 1n
the two rows are symmetrical with each other with respect to
the center line between the two rows. This helps ensure that
the hydrodynamic grooves 138 are arranged 1n the so-called
herringbone pattern.

Furthermore, as shown in FI1G. 16, the bottom surface 1065
of the rotor 106 1s provided with a plurality of second hydro-
dynamic grooves 173. The second hydrodynamic grooves
173 may be formed in the inside surface of the housing, facing
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the bottom surface of the rotor 106. The second hydrody-
namic grooves 173 may be the grooves that are the same as the
hydrodynamic grooves 73 described above with reference to
the blood pump 10.

In this blood pump 100, at the time of rotation with the
hydrodynamic bearing, no current flows 1n the four electro-
magnets 141 provided at side surface on the outside of a blood
chamber. However, since the second magnetic bodies (per-
manent magnets) embedded 1n the rotor 106 and the cores in
the electromagnets 141 attract each other, the rotor 106 1s
moved little 1n the direction of the rotation axis of the rotating,
body (the axial direction), but in the radial direction, 1t 1s
attracted by the stator motor and therefore tends to adhere to
some portion of the iside surface of the housing. If the
rotation of the rotor can be maintained, when the rotor comes
into proximity to the side surface of the housing, the dynamic
grooves provided 1n the side surface of the rotor 1n the prox-
imity area generate a pressure, and a force for spacing the
rotor away from the housing arises from the pressure so that
non-contact rotation 1s maintained. In addition, the hydrody-
namic grooves provided in the lower surface of the rotor 106
help ensure that when the rotor tends to move toward the
stator motor, a force 1n the opposite direction arises from the
pressure generated by the hydrodynamic grooves 1n the lower
surface of the rotor so that non-contact rotation 1s maintained.

A blood pump 200 in the form of an axial gap type axial
flow pump 1s shown in FIGS. 17-19. The blood pump 200 1n
this embodiment also includes: a housing 201 having a blood
inflow port 211 and a blood outtlow port 212; a rotating body
202 provided with magnetic bodies 225 and rotated in the
housing 201 1n a non-contact condition relative to the nside
surface of the housing 201 to feed blood; a rotating body
rotational torque generating unit 203 for rotating the rotating,
body 202 by acting thereon from the outside of the housing
201; magnetic bearing units 206, 207 for permitting the rotat-
ing body 202 to be rotated in a non-contact condition in the
housing 201; and a hydrodynamic bearing section for permit-
ting the rotating body 202 to be rotated in a non-contact
condition 1n the housing 201 when the operation of the mag-
netic bearing units 206, 207 1s stopped.

In this blood pump 200, the housing 201 1s formed 1n a
hollow cylindrical shape as shown 1n FIG. 17, and 1s provided
with a blood inflow port 211 on 1ts upper end side and a blood
outtlow port 212 on 1ts lower end side.

A cylindrical rotating body 202 1s contained 1n the housing
201. A blood conveying fin 221 1s provided on the side surface
of the rotating body 202. The rotating body 202 1s also pro-
vided therein with side surface side magnetic bodies 225 to be
supplied with a rotating force from a rotating body rotational
torque generating unit, an upstream-side magnetic body 222
provided 1n the inside of and on the upper end side of the
rotating body 202, and a downstream-side magnetic body 223
provided in the mnside of and on the lower end side of the
rotating body 202. The side surface side magnetic bodies 225,
the upstream-side magnetic body 222 and the downstream-
side magnetic body 223 are each composed of a magnetic
maternal or a permanent magnet, preferably permanent mag-
nets.

In addition, the housing 201 has an upstream-side rotating
body attracting section 203, disposed 1n the vicinity of and on
the upstream side of the rotating body 202 and provided
therein with a magnetic member 231. Specifically, the
upstream-side rotating body attracting section 203 1s a part
called a “straightener”, and 1ts upper end 1s formed 1n a
substantially hemispherical shape as shown for permitting
good dispersion of blood. The magnetic member 231 pro-
vided 1n the upstream-side rotating body attracting section
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203 and the upstream-side magnetic body 222 provided in the
rotating body 202 attract each other magnetically.

The housing 201 also has a downstream-side rotating body
attracting section 204 disposed in the vicinity of and on the
downstream side of the rotating body 202 and provided 5
therein with a magnetic member 241. Specifically, the down-
stream-side rotating body attracting section 204 i1s a part
called a “diffuser”. The magnetic member 241 provided 1n the
downstream-side rotating body attracting section 204 and the
downstream-side magnetic body 223 provided 1in the rotating 10
body 202 attract each other magnetically. Therefore, the rotat-
ing body 1s 1n the state of being pulled i both directions
toward the upper end and toward the lower end (upstream and
downstream). The magnetic member 231 provided in the
upstream-side rotating body attracting section 203 and the 15
magnetic member 241 provided 1n the downstream-side rotat-
ing body attracting section 204 are each composed of a mag-
netic material or a permanent magnet.

In the blood pump 200 1n this embodiment, the rotating
body rotational torque generating unit includes a stator coil 20
motor 205 having a plurality of stator coils which are so
arranged as to surround the side surface of the rotating body
202 for attracting the magnetic bodies 225 of the rotating
body 202 and rotating the rotating body 202 when energized.

Further, in the blood pump 200 in this embodiment, a 25
non-contact bearing mechanism has magnetic bearing means,
which includes a first coil body 206 for giving a magnetic
force to or amplifying a magnetic force of the magnetic mem-
ber 231 of the upstream-side rotating body attracting section
203 when energized, and a second coil body 207 for giving a 30
magnetic force to or amplifying a magnetic force of the mag-
netic member 241 of the downstream-side rotating body
attracting section 204 when energized. The first coi1l body 206
cooperates with the magnetic member 231 of the upstream-
side rotating body attracting section 203 1n constituting a first 35
clectromagnet. Similarly, the second coil body 207 cooper-
ates with the magnetic member 241 of the downstream-side
rotating body attracting section 204 1n constituting a second
clectromagnet. The magnetic bearing mechanism in the blood
pump 200 in this embodiment 1s composed of the two coi1l 40
bodies 206, 207, the above-mentioned upstream-side mag-
netic body 222 and downstream-side magnetic body 223 of
the rotating body 202, the magnetic member 231 of the
upstream-side rotating body attracting section 203, and the
magnetic member 241 of the downstream-side rotating body 45
attracting section 204. By controlling the current supplied to
the two coil bodies 206 and 207, the rotating body 202 1s
rotated without making contact with any portion of the hous-
ing inside surface inclusive of the upstream-side rotating
body attracting section 203 and the downstream-side rotating 50
body attracting section 204.

The pump apparatus including the blood pump 1n this
embodiment has a control mechanism equivalent to that
described in the above-described embodiment. The control
mechanism includes: a PWM type electromagnet driving unit 55
for driving the first coil body 206 constituting the first elec-
tromagnet and the second coil body 207 constituting the
second electromagnet; a carrier component measuring unit
for measuring the carrier components of the voltage and
current 1n the PWM type electromagnet driving umit; rotating 60
body position data and modulation factor calculating units for
respectively calculating rotating body position data and the
modulation factor of a pulse width modulated waveform by
use of the carrier wave data measured by the carrier compo-
nent measuring unit; a rotating body position controlling unit 65
or means for controlling the PWM type electromagnet driving
unit by utilizing the rotating body position data calculated by
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the rotating body position data calculating unit; and a bearing
mode changing-over means for effecting transition (change-
over) to the hydrodynamic bearing mode by stopping the
driving of the PWM type electromagnet driving unit 34 when
the modulation factor calculated by the modulation factor
calculating unit 1s outside a predetermined range and for
restarting the driving of the PWM type electromagnet driving
unit so as to return to the magnetic bearing mode upon con-
firming satisfaction of predetermined conditions after the

transition (change-over) to the hydrodynamic bearing mode.

In addition, as shown 1n FIG. 18, the rotating body 202 has
hydrodynamic grooves 238 formed 1n 1ts surface (bottom
surface) 202 facing the downstream-side rotating body
attracting section (diffuser) 204. The hydrodynamic grooves
238 constitute a hydrodynamic bearing section. The hydro-
dynamic grooves 238 may alternatively be formed 1n a sur-
face of the downstream-side rotating body attracting section
(diffuser) 204 facing the bottom surface of the rotating body
202. As the hydrodynamic grooves 238, grooves that are the
same as the hydrodynamic grooves 38 described in relation to
the blood pump 10 above can be used.

The hydrodynamic bearing section 1s not limited to the
above-mentioned hydrodynamic grooves 238, but may
include a deformed surface (specially shaped surface) pro-
vided at the surface (bottom surface) 202a of the rotating
body 202 facing the downstream-side rotating body attracting
section (diffuser) 204, or at the surface 204a of the down-
stream-side rotating body attracting section (diffuser) 204
facing the bottom surface 202a of the rotating body 202.

Furthermore, as shown 1n FIG. 19, 1n the blood pump 200
in this embodiment, the rotating body 202 has second hydro-
dynamic grooves 271 formed 1n 1ts surface (top surface) 2025
facing the upstream-side rotating body attracting section
(straightener) 203. The second hydrodynamic grooves 271
may alternatively be provided in the surface of the upstream-
side rotating body attracting section (straightener) 203 facing
the top surface of the rotating body 202. As the hydrodynamic
grooves, grooves that are the same as the hydrodynamic
grooves 38 or hydrodynamic grooves 71 described in relation
to the blood pump 10 above can be used.

In addition, the second hydrodynamic bearing section may
include a deformed surface (specially shaped surface) pro-
vided at the surface (top surface) 20256 of the rotating body
202 facing the upstream-side rotating body attracting section
(straightener) 203, or at the surface 2034 of the upstream-side
rotating body attracting section (straightener) 203 facing the

top surface of the rotating body 202.

In this blood pump 200, at the time of rotation 1n a hydro-
dynamic bearing mode, no current tlows in the two coil bodies
206, 207 provided on the outside of a blood chamber. How-
ever, since the permanent magnets 222, 223 embedded 1n the
rotating body 202 and the magnetic members 231, 241 incor-
porated 1n the straightener 203 and the diffuser 204 attract
cach other in opposite directions, the rotating body 1s Ilittle
moved 1n the radial directions (the directions orthogonal to
the direction of the axis of rotation), and tends to adhere either
to the straightener 203 and the diffuser 204 located 1n the axaal
direction relative to the rotating body. Since the position of
the rotating body 1n the radial directions 1s little changed, the
motor functions properly, and the rotating body 1s rotated. IT
the rotation 1s maintained, the pressures generated by the
hydrodynamic grooves provided in the top surface and the
bottom surface of the rotating body prevent the rotating body
from adhering to the straightener 203 or the diffuser 204 so
that the rotating body 1s kept rotating 1n a non-contact condi-
tion.
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FIGS. 20-22 illustrate a blood pump 300 1n the form of a
radial gap type axial flow pump. The blood pump 300 1n this
embodiment also includes: a housing 301 having a blood
inflow port 311 and a blood outtlow port 312; a rotating body
302 provided with magnetic bodies 325 and rotated in the
housing 301 in a non-contact condition relative to the inside
surface of the housing 301 to feed blood; a rotating body
rotational torque generating unit 303 for rotating the rotating,
body 302 by acting thereon from the outside of the housing
301; a magnetic bearing unit 306 for permitting the rotating
body 302 to be rotated in a non-contact condition in the
housing 301; and a hydrodynamic bearing section for permit-
ting the rotating body 302 to be rotated 1n a non-contact
condition 1n the housing 301 when the operation of the mag-
netic bearing unit 306 1s stopped.

In the blood pump 300, the housing 301 1s a tubular body
enlarged 1n diameter at a rotating body containing section, as
shown 1n FIG. 20, and 1s provided with a blood 1nflow port
311 on the upper end side and with a blood outtlow port 312
on the lower end side.

The rotating body 302 1s contained 1n the housing 301 and
1s hollow cylindrical 1n shape. The rotating body 302 has a
blood conveying fin 321 provided 1n a hollow section thereof.
The rotating body 302 is provided 1n an inside and peripheral
edge part thereol with magnetic bodies 325 to be supplied
with a rotating force from the rotating body rotational torque
generating unit 305, 1s provided with second magnetic bodies
329 1n an 1nside and peripheral edge part thereof, and 1s also
provided with third magnetic bodies 330 1n proximity to the
second magnetic bodies 329. The second magnetic bodies
329 are composed of permanent magnets.

In addition, the housing 301 has a straightener 303 dis-
posed 1n the vicinity of the rotating body 302 and 1n the blood
inflow port 311, and a diffuser 304 disposed 1n the vicinity of
the rotating body 302 and 1n the blood outtlow port 312.

In the blood pump 300 1n this embodiment, the rotating
body rotational torque generating unit 1s composed of a stator
coil motor 303 including a plurality of stator coils disposed to
surround a side surface of the rotating body 302 so as to attract
the magnetic bodies 3235 of the rotating body 302 and to rotate
the rotating body 302 when energized.

Furthermore, in the blood pump 300 in this embodiment,
the non-contact bearing mechanism has magnetic bearing
means that includes an electromagnet(s) 306 for attracting the
third magnetic bodies 330 or the second magnetic bodies 329
(or both the third magnetic bodies 330 and the second mag-
netic bodies 329) when energized.

The pump apparatus including the blood pump 1n this
embodiment has a control mechanism like the pump appara-
tus described in relation to the above-mentioned embodi-
ment. The control mechanism includes: a PWM type electro-
magnet driving unit for driving the electromagnet(s) 306; a
carrier component measuring unit for measuring carrier coms-
ponents of the voltage and current in the PWM type electro-
magnet driving unit; rotating body position data and modu-
lation factor calculating units for respectively calculating
rotating body position data and the modulation factor of a
pulse width modulated wavelorm, by use of carrier wave data
measured by the carrier component measuring unit; a rotating,
body position controlling unit or means for controlling the
PWM type electromagnet driving unit by utilizing the rotat-
ing body position data calculated by the rotating body posi-
tion data calculating unmit; and a bearing mode changing-over
means for effecting transition (change-over) to a hydrody-
namic bearing mode by stopping the driving of the PWM type
clectromagnet driving unit when the modulation factor cal-
culated by the modulation factor calculating unit 1s outside a
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predetermined range and for restarting the driving of the
PWM type electromagnet driving unit, thereby returning to
the magnetic bearing mode, upon confirmation of satisfaction
of predetermined conditions after the transition (change-
over) to the hydrodynamic bearing mode.

As shown 1n FIG. 21, the rotating body 302 1s provided 1n
its s1de surface with hydrodynamic grooves 338 constituting
a hydrodynamic bearing section. Particularly, the hydrody-
namic grooves 338 1n this embodiment are grooves arranged
in a herringbone pattern. The hydrodynamic grooves 338 are
plural 1n number and are inclined at a predetermined angle
relative to the center axis of the rotating body and are arrayed
in an annular pattern so that they are arranged at regular or
equal mtervals. In addition, the hydrodynamic grooves 338
consist of two rows of grooves, and the grooves 1n the two
rows are symmetrical with each other with respect to the
center line between the two rows. Therefore, the hydrody-
namic grooves 338 are arranged 1n the so-called herringbone
pattern. As illustrated, the grooves 1n each row are preferably
parallel to one another.

Further, as shown i FIG. 22, the rotating body 302 1s
provided with second hydrodynamic grooves 371 1n 1ts bot-
tom surface (the surface facing the imside surface of the hous-
ing 301 on the diffuser 304 side) 302a. The second hydrody-
namic grooves 371 may alternatively be formed 1n the mnside
surface of the housing 301 facing the bottom surface of the
rotating body 302. As the second hydrodynamic grooves 371,
grooves that are the same as hydrodynamic grooves 38
described 1n relation to the blood pump 10 above can be used.

The hydrodynamic bearing section 1s not limited to the
hydrodynamic grooves 371, and may include a deformed
surface (specially shaped surface) provided in the bottom
surface 302a of the rotating body 302 or 1n the 1nside surface
301a of the housing 301 facing the bottom surface 302a of the
rotating body 302.

Furthermore, in the blood pump 300 in this embodiment,
the rotating body 302 1s provided with third hydrodynamic
grooves 1n 1ts top surface (the surface facing the inside surface
of the housing 301 on the straightener 303 side) 30256. These
third hydrodynamic grooves can be similar to those shown in
FIG. 22. The third hydrodynamic grooves may alternatively
be formed 1n the nside surtace of the housing 301 facing the
top surface 3025 of the rotating body 302. As the hydrody-
namic grooves 338, grooves that are the same as the hydro-
dynamic grooves 38 or 71 described in relation to the blood
pump 10 above can be used.

In addition, the third hydrodynamic bearing section may
include a deformed surface (specially shaped surface) pro-
vided in the top surface 3025 of the rotating body 302 or 1n the
inside surface 3015 of the housing 301 facing the top surface
3025 of the rotating body 302.

In the blood pump 300 1n this embodiment, as shown 1n
FIG. 20, a permanent magnet 329 and two magnetic bodies
(1iron rings ) 330a, 33056 for magnetic levitation are embedded
in a side surface part of the rotating body 302. In addition, a
motor for rotating the rotating body 302 and electromagnets
306 for magnetic levitation are provided 1n a side part of the
housing 301. Specifically, four electromagnets 306 are
arranged at regular angular intervals of 90°, like 1n the blood
pump 100 shown in FIG. 13, whereby control 1n the X direc-
tion and the Y direction can be performed. As a result, the
required radial gap can be obtained.

In this blood pump 300, no current flows 1n the electromag-
nets 306 at the time of rotation 1n a hydrodynamic bearing
mode. However, since the permanent magnet 329 embedded
in the rotating body 302 and the cores 1n the electromagnets
306 attract each other, the impeller moves little 1n the axial




US 8,226,373 B2

23

direction, and tends to adhere to some portion of the inside
surface of the housing 301 1n the radial direction. In this blood
pump 300, however, 11 the rotation can be maintained, when
the rotating body 302 comes 1nto proximity to the inside
surface of the housing 301a force for spacing the rotating
body 302 away from the housing 301 1s exerted by the pres-
sure generated by the hydrodynamic grooves 338 provided 1n
the side surface of the rotating body 302 in the proximity area,
so that the rotation 1n a non-contact condition 1s maintained.
Furthermore, the second hydrodynamic grooves 371 and the
third hydrodynamic grooves provided respectively 1n the bot-
tom surface and the top surface of the rotating body 302
ensure that when the rotating body 302 1s tending to approach
the bottom surface or the top surface of the housing 301, a
force 1n the reverse direction 1s generated by the pressure
generated by the hydrodynamic grooves 1in each of the bottom
and top surfaces of the rotating body 302, whereby the rota-
tion in the non-contact condition 1s maintained.

The principles, preferred embodiments and other disclosed
aspects of the sensorless blood pump apparatus have been
described 1n the foregoing specification. However, the mven-
tion which 1s intended to be protected 1s not to be construed as
limited to the particular embodiments disclosed. Further, the
embodiments described herein are to be regarded as 1llustra-
tive rather than restrictive. Vanations and changes may be
made by others, and equivalents employed, without departing,
from the spirit of the present invention. Accordingly, 1t 1s
expressly intended that all such variations, changes and
equivalents which fall within the spirit and scope of the

present mvention as defined in the claims, be embraced
thereby.

What 1s claimed 1s:

1. A sensorless magnetic bearing type blood pump appa-
ratus comprising:

a blood pump; and

a control mechanism for controlling the blood pump;

the blood pump comprising:

a housing having a liquid inflow port and a liquid outtlow
port;

a rotatable body rotatably positioned in the housing to
feed liquid and provided with a first magnetic body;

a rotating body rotational torque generating unit which
attracts the first magnetic body of the rotatable body
to rotate the rotatable body;

a rotating body magnetic bearing unit which magneti-
cally attracts the rotatable body 1n a direction different
from a direction of attraction of the rotatable body by
the rotating body rotational torque generating unit to
rotate the rotatable body in a non-contact condition 1n
the housing;

a hydrodynamic bearing section provided in an inside
surface of the housing on a side of the rotating body
rotational torque generating unit, or 1n a surface of the
rotatable body on a side of the rotating body rotational
torque generating unit, to permait the rotatable body to
be rotated 1n a non-contact condition 1n the housing in
a hydrodynamic bearing mode when operation of the
rotating body magnetic bearing unit 1n a magnetic
bearing mode 1s stopped;

the blood pump apparatus being devoid of any sensor for
measuring a position of the rotatable body; and

the rotating body magnetic bearing unmit comprising an
clectromagnet 1n the rotatable body for attracting the
first magnetic body or a second magnetic body pro-
vided separately from the first magnetic body;
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the control mechanism comprising:

a pulse width modulation type electromagnet driving
unit for driving the electromagnet;

a carrier component measuring unit for measuring car-
rier components of voltage and current in the pulse
width modulation type electromagnet driving unait;

rotating body position data and modulation factor cal-
culating units which respectively calculate rotating
body position data and a modulation factor of a pulse
width modulated waveform using carrier wave data
measured by the carrier component measuring unit;

rotating body position controlling means for controlling
the pulse width modulation type electromagnet driv-
ing umt utilizing the rotating body position data cal-
culated by the rotating body position data calculating
unit;

monitoring means for monitoring a current of the rotat-
ing body rotational torque generating unait;

bearing mode changing-over means {for effecting
change-over from the magnetic bearing mode to the
hydrodynamic bearing mode by stopping driving of
the pulse width modulation type electromagnet driv-
ing unit when the modulation factor calculated by the
modulation factor calculating unit 1s outside a prede-
termined range and for restarting the driving of the
pulse width modulation type electromagnet driving
unit to return to the magnetic bearing mode upon
confirmation of satisfaction of predetermined condi-
tions after the change-over to the hydrodynamic bear-
ing mode, the bearing mode changing-over means
eifecting the return to the magnetic bearing mode by
judging that the predetermined conditions are satis-
fied when the monitoring means determines that the
rotating body rotational torque generating unit cur-
rent 1s within a current range of the rotating body
rotational torque generating unit.

2. The sensorless magnetic bearing type blood pump appa-
ratus as set forth in claim 1, wherein the hydrodynamic bear-
ing section 1s comprised of hydrodynamic grooves or a
deformed surface provided in an mside surface of the housing
on the rotating body rotational torque generating unit side, or
in a surtace of the rotatable body on the rotating body rota-
tional torque generating unit side.

3. The sensorless magnetic bearing type blood pump appa-
ratus as set forth in claim 1, wherein the hydrodynamic bear-
ing section 1s comprised of hydrodynamic grooves or a
deformed surface provided 1n a surface of the rotatable body
on the rotating body magnetic bearing unit side, or an 1nside
surface of the housing facing the rotatable body.

4. The sensorless magnetic bearing type blood pump appa-
ratus as set forth 1 claim 2, wherein the blood pump com-
prises second hydrodynamic grooves provided in an inside
surface of the housing on the rotating body magnetic bearing,
unit side, or 1n a surface of the rotatable body on the rotating
body magnetic bearing unit side.

5. The sensorless magnetic bearing type blood pump appa-
ratus as set forth in claim 1, wherein the carrier component
measuring unit comprises a voltage resonant circuit, a voltage
wave detection circuit, a current resonant circuit, and a cur-
rent wave detection circuit.

6. The sensorless magnetic bearing type blood pump appa-
ratus as set forth in claim 1, wherein the control mechanism
stores a predetermined modulation factor range, and the bear-
ing mode changing-over means elfects the change-over to the
hydrodynamic bearing mode by stopping the driving of the
pulse width modulation type electromagnet driving unmit when
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a modulation factor outside the predetermined modulation
factor range 1s calculated by the modulation factor calculating
means.

7. The sensorless magnetic bearing type blood pump appa-
ratus as set forth in claim 1, wherein the bearing mode chang-
ing-over means eflects the return to the magnetic bearing
mode by judging that the predetermined conditions are satis-
fied upon lapse of a predetermined time after the change-over
to the hydrodynamic bearing mode.

8. The sensorless magnetic bearing type blood pump appa-
ratus as set forth 1n claim 1, wherein the rotating body rota-
tional torque generating unit comprises a rotor having a mag-
net which attracts the first magnetic body of the rotatable
body, and a motor for rotating the rotor.

9. The sensorless magnetic bearing type blood pump appa-
ratus as set forth 1n claim 1, wherein the rotating body rota-
tional torque generating unit comprises a plurality of stator
coils arranged on a circumierence of a circle to attract the first
magnetic body of the rotatable body and rotate the rotatable
body.

10. The sensorless magnetic bearing type blood pump
apparatus as set forth in claim 1, wherein the blood pump 1s
either a centrifugal blood pump or an axial flow blood pump.

11. A method for controlling operation of a sensorless
magnetic bearing type blood pump apparatus, wherein the
sensorless magnetic bearing type blood pump apparatus com-
prises a blood pump comprised of a housing having a liquid
inflow port and a liquid outtlow port, and a rotatable body
rotatably positioned 1n the housing to feed liquid and pro-
vided with an electromagnet, the method comprising:

rotating the rotatable body 1n a non-contact condition in the

housing 1n a magnetic bearing mode through operation
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of a pulse width modulation type electromagnet driving,
unit which drives the electromagnet;

measuring carrier components of voltage and current in the

pulse width modulation type electromagnet driving unit
to obtain carrier wave data;

calculating a modulation factor of a pulse width modulated

wavelorm using the carrier wave data;

changing-over from the magnetic bearing mode to a hydro-

dynamic bearing mode by stopping driving of the pulse
width modulation type electromagnet driving unit when
the modulation factor 1s outside a predetermined range
and rotating the rotatable body in a non-contact condi-
tion 1n the housing through use of a hydrodynamic bear-
ing section of the blood pump;

monitoring a rotating body rotational torque generating

unit current;

restarting the driving of the pulse width modulation type

clectromagnet driving umt to return to the magnetic
bearing mode upon satisiying predetermined conditions
after the change-over to the hydrodynamic bearing
mode, the predetermined conditions including when the
rotating body rotational torque generating unit current 1s
within a current range of the rotating body rotational
torque generating unit.

12. The method according to claim 11, further comprising
calculating a position data of the rotatable body, and control-
ling the pulse width modulation type electromagnet driving
umt utilizing the calculated position data.

13. The method according to claim 11, wherein the prede-
termined conditions at which the return to the magnetic bear-
ing mode occurs 1s lapse of a predetermined time after the
change-over to the hydrodynamic bearing mode.

¥ o # ¥ ¥



	Front Page
	Drawings
	Specification
	Claims

